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Cellular iron homeostasis is maintained by iron and heme
transport proteins that work in concert with ferrireductases,
ferroxidases, and chaperones to direct the movement of iron
into, within, and out of cells. Systemic iron homeostasis is regu-
lated by the liver-derived peptide hormone, hepcidin. The inter-
face between cellular and systemic iron homeostasis is readily
observed in the highly dynamic iron handling of four main cell
types: duodenal enterocytes, erythrocyte precursors, macro-
phages, and hepatocytes. This review provides an overview of
how these cell types handle iron, highlighting how iron and
heme transporters mediate the exchange and distribution of
body iron in health and disease.

The year 2017 marks the 20th anniversary of the ground-
breaking discovery of DMT]1 (divalent metal-ion transporter-
1), the first mammalian transmembrane iron transporter to be
identified (1). Since then, our knowledge of the molecular
mechanisms of iron transport has advanced greatly, as has our
understanding of how alterations in the expression/function of
iron transport proteins characterize and contribute to iron
dyshomeostasis in clinical disorders such as iron-deficiency
anemia, the anemia of inflammation, and hereditary hemo-
chromatosis. Iron deficiency is the single most common defi-
ciency in the world and affects an estimated two billion individ-
uals, including 10-20% of young women in the United States (2).
The anemia of inflammation (also known as the anemia of
chronic disease) is the second most common form of anemia
after iron-deficiency anemia (3). Data from the third National
Health and Nutrition Examination Survey (1998-1994) indicate
that, in the United States, ~700,000 individuals 65 years and
older have the anemia of inflammation (4). On the other end of
the spectrum of iron disorders is hereditary hemochromatosis,
an autosomal recessive iron-overload disease that results pre-
dominantly from a C282Y polymorphism in the HFE (High Fe)
gene (5). The prevalence of this polymorphism is notably high
in Caucasian populations: ~1 in 200 to 1 in 300 individuals of
northern European descent are homozygous carriers (6). A sys-
tematic review of hemochromatosis penetrance concluded
that, in the ~1 million C282Y homozygotes in the United
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States, up to 38 —50% develop iron overload and 10-33% even-
tually develop hemochromatosis-associated morbidity (7).

Systemic iron homeostasis—from intestinal iron uptake to
iron utilization, recycling, and storage—can be largely under-
stood by considering how iron is handled by four main cell
types: enterocytes, erythrocyte precursors, macrophages, and
hepatocytes. Enterocytes in the proximal small intestine absorb
dietary iron; erythrocyte precursors in the bone marrow incor-
porate iron into heme in red blood cell (RBC) hemoglobin;
macrophages in the liver, spleen, and bone marrow recycle iron
from senescent RBCs; and hepatocytes store iron (Fig. 1). The
aim of this review is to provide a current overview of the pro-
teins that mediate the cellular uptake, intracellular transport,
storage, and efflux of iron (as non-heme iron and heme) in these
four cell types. Consideration will also be given to how hepci-
din, the iron regulatory hormone produced by hepatocytes, reg-
ulates systemic iron homeostasis by controlling and coordinat-
ing the flow of iron among these various cells.

Dietary iron absorption by the enterocyte

Human diets contain iron as heme or non-heme iron. Heme
(iron-protoporphyrin IX) is found in meat, poultry, and seafood
and derives mainly from hemoglobin and myoglobin. Non-
heme iron refers to various forms of inorganic iron and is usu-
ally associated with iron in plants. Foods of animal origin, how-
ever, also contain non-heme iron (roughly half of the total iron),
mainly in the iron storage protein ferritin. As a consequence,
85-90% of the iron in typical diverse United States diets is non-
heme (8). Nonetheless, heme iron is much more bioavailable
than non-heme iron, thus making heme an important contrib-
utor to iron nutrition. Dietary non-heme iron in the acidic
microclimate at the absorptive surface of the proximal small
intestine is transported across the apical membrane of entero-
cytes via DMT1 (SLC11A2, solute carrier family 11 member 2)
(Fig. 24) (1, 9). Mice with intestine-specific deletion of Slc11a2
display decreased enterocyte iron concentrations, markedly
impaired iron absorption (i.e. 90% less than control mice), and
develop severe iron-deficiency anemia (10, 11). DMT1 there-
fore appears to be the only mechanism by which non-heme iron
is taken up at the intestinal brush border. As a proton-coupled
symporter, DMT1 functions optimally at acidic pH by coupling
the flow of protons down an electrochemical gradient to the
transport of iron into the cell (1). The H" gradient that drives
DMT1-mediated iron uptake is generated by intestinal brush-
border Na*/H™ exchanger 3 (NHE3) (12). DMT1 transports
only Fe*™, but most dietary iron is Fe®>* (13); hence, a reduction
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Figure 1. Overview of the main organs and cell types involved in the regulation of systemiciron homeostasis. Enterocytes of the proximal small intestine
absorb iron (as Fe?", @) into the circulation where it becomes bound (as Fe**, O) to its transport protein transferrin. Most circulating iron transferrin is taken
up by erythrocyte precursors in the bone marrow, where the iron is incorporated into the heme component of hemoglobin in newly synthesized RBCs. Iron
from senescent or damaged RBCs is recycled by macrophages of the liver, spleen, and bone marrow. Hepcidin, the iron-regulatory protein produced by
hepatocytes, controls the flow of iron into the plasma by binding to ferroportin (on enterocytes, macrophages, and hepatocytes), causing its internalization
and degradation. Hepcidin production is positively regulated by iron transferrin in the plasma, hepatic iron stores, and inflammation. Iron stores are sensed by
hepatic sinusoidal endothelial cells, which produce BMP6, a key endogenous regulator of hepcidin expression. Hepcidin synthesis is negatively regulated by
increased erythropoietic activity. BMP6, bone morphogenetic protein 6; DMT1, divalent metal-ion transporter-1; FPN, ferroportin; RBC, red blood cell; TF,

transferrin.

step is needed before iron transport by DMT1. This activity is
generally thought to be mediated by the ferrireductase duode-
nal cytochrome B (DCYTB? CYBRDI1) located at the apical
membrane of enterocytes (14). Consistent with this possibility
is the observation that Dcytb mRNA expression is markedly
up-regulated in iron-deficient mouse intestines (14, 15).
CybrdI-null mice, however, show no apparent defects in iron
metabolism even in the context of iron deficiency, suggesting
that DCYTB can be dispensable for iron absorption (16).

Our understanding of the molecular mechanisms of non-
heme iron absorption has advanced primarily through the use
of mutant mouse models. Mice, however, are not good models

2 The abbreviations used are: DCYTB, duodenal cytochrome B; PCBP, poly(rC)-
binding protein; LRP, low-density lipoprotein receptor-related protein;
RES, reticuloendothelial system; TBI, transferrin-bound iron; NTBI, non-
transferrin-bound iron; TFR1, transferrin receptor 1; H, heavy.
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to study heme iron absorption because they absorb heme very
poorly (17). In the 1970s and 1980s, experiments with pig intes-
tine provided evidence that heme is taken up via receptor-me-
diated endocytosis (18, 19), but little progress has been made
since then. It is possible that intestinal heme is taken up via
heme-responsive gene-1 (HRG1) protein, a high-affinity heme
transporter that transports heme out of the macrophage
phagolysosome (20). HRG1 is expressed in human small intes-
tine where it could conceivably function at the apical mem-
brane or in intracellular vesicles (21). Within the enterocyte,
heme is degraded by heme oxygenase 1 (HMOX1), and the
liberated iron is likely handled in a similar fashion as is absorbed
inorganic iron (22).

Iron is transported out of the enterocyte and into portal
blood via ferroportin (SLC40A1) located on the basolateral
membrane (23-25). Mice with intestine-specific deletion of
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Figure 2. Cellular iron homeostasis. Four cell types are responsible for most of the routine iron handling in the body. A, enterocyte; B, erythrocyte precursor;
C, macrophage; and D, hepatocyte. Depicted are the main pathways involved in the uptake, intracellular transport, storage, and efflux of non-heme iron and

heme in these cells. ABCB10, ATP-binding cassette, subfamily B, member 10; CD163, cluster of differentiation 163; CP, ceruloplasmin; DMT1, divalent metal-ion
transporter-1; FECH, ferrochelatase; FLVCR1 (feline leukemia virus subgroup C receptor 1); FPN, ferroportin; HMOX1, heme oxygenase 1; HP, hephaestin; HRG1
heme-responsive gene-1; LRP, low-density lipoprotein receptor-related protein; MFRN, mitoferrin 1; NRAMP1, natural resistance-associated macrophage
protein 1; NHE3, Na*/H" exchanger 3; RBC, red blood cell; STEAP3, six-transmembrane epithelial antigen of the prostate; TF, transferrin; TFR1, transferrin

receptor i;ZlP14, ZRT/IRT-like protein-14.

Slc40al accumulate iron in duodenal enterocytes and become
severely anemic within weeks, demonstrating that ferroportin
is essential for intestinal iron export (26). Ferroportin trans-
ports only Fe** (27), whereas transferrin in portal blood will
bind only Fe®*. Efficient transfer of iron to portal blood trans-

SASBMB

ferrin is thought to involve an oxidation step catalyzed by a
ferroxidase. The best characterized intestinal ferroxidase is
hephaestin, a membrane-anchored homologue of the plasma
ferroxidase, ceruloplasmin. Hephaestin was identified as the
gene mutated in the sex-linked anemia (sla) mouse, which dis-
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plays impaired iron absorption and mild iron-deficiency ane-
mia (28). Accordingly, whole-body as well as intestine-specific
hephaestin knock-out mice exhibit iron accumulation in
enterocytes and mild iron-deficiency anemia (29). However,
the anemia in sla mice and hephaestin knock-out mice is only
observed in early life, suggesting that hephaestin is dispensable
for iron absorption in the adult animal.

How iron that is taken up by DMT1 at the apical membrane
traverses the cytosol to reach basolateral ferroportin is
unknown, but may involve one or more members of the
poly(rC)-binding protein (PCBP) family of metallochaperones.
PCBP1 and PCBP2 have been shown to function as iron chap-
erones that deliver cytosolic iron to ferritin for storage (30, 31).
Studies in HEp-2 cells, a human epithelial cell line, have found
that PCBP2 (but not PCBP1) physically interacts with DMT1
and ferroportin (32, 33), but whether this occurs in enterocytes
or other cell types remains to be determined. Iron directed for
storage in ferritin would serve to retain iron in the enterocyte
and prevent its absorption into the body. This iron would be
eventually lost through the routine sloughing of enterocytes,
which turn over approximately every 3 days in humans and
mice (34). Ferritin is a large multimeric protein composed of 24
heavy (H) or light subunits in various proportions depending on
the tissue. The H subunit has ferroxidase activity that converts
Fe>" to Fe®" for storage in ferrihydrite aggregates within the
ferritin core (35). Mice with intestine-specific deletion of ferri-
tin H display decreased intestinal iron concentrations and ele-
vated body iron stores, indicating that ferritin H in enterocytes
helps to regulate iron absorption (36). Accordingly, up-regula-
tion of enterocyte ferritin resulting from ablation of intestinal
iron regulatory proteins decreases iron absorption, even while
DMT1 and ferroportin are markedly up-regulated (37).

Iron metabolism in erythrocyte precursors

Greater than 95% of iron in plasma is bound to its circulating
transport protein transferrin, which delivers most of its iron to
erythrocyte precursors—i.e. erythroid progenitor cells of the
bone marrow that differentiate into mature RBCs. Each day,
~25 mg of iron is taken up into these cells to support the daily
production of 200 billion new RBCs (Fig. 1). Erythrocyte pre-
cursors take up iron nearly exclusively from transferrin via
transferrin receptor 1 (TFR1) (Fig. 2B). The quantitative impor-
tance of this uptake is illustrated by the fact that an estimated
80% of total body cellular TFR1 is located in the erythroid mar-
row of an adult human (38). When transferrin binds to TFR1 at
the cell surface, the complex is internalized into endosomes,
which become acidified, causing iron to dissociate from trans-
ferrin. The endosomal ferrireductase STEAP3 (six-transmem-
brane epithelial antigen of the prostate 3) reduces the liberated
Fe*>" to Fe*" (39), which is subsequently transported into the
cytosol via DMT1 (9, 40). Although it is generally accepted that
endosomal Fe" is reduced after it is released from transferrin,
thermodynamic and kinetic considerations suggest that reduc-
tion occurs (via STEAP3 or otherwise) while Fe?™ is still bound
to transferrin (41). Interestingly, mice deficient in either
STEAP3 or DMT1 (in the hematopoietic compartment)
become anemic, but hemoglobin levels can be maintained at
~8 g/dl (10, 39), suggesting that erythrocyte precursors may
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have alternative, although less efficient, means of endosomal
ferrireduction and iron transport.

In erythrocyte precursors, transferrin-derived iron that
enters the cytosol is nearly all directed to mitochondria, where
heme is synthesized. Precisely how iron in the cytosol is deliv-
ered to the mitochondria is unknown. It is possible that cytoso-
liciron (bound to low-molecular-weight ligands) freely diffuses
into the permeable outer mitochondrial membrane or that it is
chaperoned to the mitochondria by PCBPs. Some evidence
supports a “kiss and run” mechanism in which endosomal iron
is transferred directly from DMT1 into the mitochondria (42).
Iron crosses the inner mitochondrial membrane via mitoferrin
1 (SLC25A37) in erythroid cells (43). Non-erythroid cells take
up iron into the mitochondria via mitoferrin 1 and its paralogue
mitoferrin 2 (SLC25A38) (44). Mitoferrin 1 forms a complex
with several proteins, including ferrochelatase and ABCB10
(ATP-binding cassette, subfamily B, member 10), formerly
known as ABC-me (45, 46). The association of mitoferrin 1 with
ferrochelatase, the terminal enzyme in heme synthesis that
inserts an iron in protoporphyrin IX to produce heme, likely
serves to couple iron transport into the mitochondria to heme
biosynthesis. The interaction between mitoferrin 1 and
ABCBI10 increases mitoferrin 1 stability thereby increasing iron
transport into the mitochondria (47).

Heme appears to be transported out of the mitochondria via
isoform b of FLVCR1 (feline leukemia virus subgroup C recep-
tor 1). FLVCRI1 was identified as the cell-surface receptor for
feline leukemia virus, subgroup C, which infects cats and causes
pure red cell aplasia characterized by a block in erythroid dif-
ferentiation (48). Heme export by FLVCR1 was demonstrated
by transport studies using **Fe-heme and zinc mesoporphyrin
(49). The FLCVRI gene encodes two protein isoforms as fol-
lows: FLVCR1a, a plasma membrane protein, and FLVCR1b, a
mitochondrial isoform having an N-terminal mitochondrion-
targeting sequence (50). Suppression of Flvcrlb expression in
vitro results in mitochondrial heme accumulation and termina-
tion of erythroid differentiation, whereas overexpression of
Flyvcrlb leads to intracellular heme accumulation and erythroid
differentiation (50). Evidence for a role in vivo is indirectly pro-
vided by studies of FlvcrI-null mice. Flverl™”~ mice lack both
isoforms and die in utero due to a block in erythroid differenti-
ation (49), whereas embryos lacking only the 1a isoform have
normal erythropoiesis (50), suggesting that Flvcrlb activity is
sufficient for erythropoiesis, at least at the fetal stage. Studies of
Flvcr1b-deficient mice are needed to clarify the in vivo role(s) of
the 1b isoform.

Despite being the most avid consumers of iron in the body,
erythrocyte precursors abundantly express ferroportin at the
plasma membrane (51) and are therefore able to export non-
heme iron. Systemic iron depletion has been shown to increase
ferroportin expression in erythrocyte precursors, leading to the
hypothesis that up-regulation of ferroportin in iron deficiency
serves to provide iron to non-erythropoietic tissues (52).

Macrophage iron metabolism

Senescent or damaged RBCs are cleared from the circulation
by macrophages of the liver, spleen, and bone marrow, which
are collectively referred to as the reticuloendothelial system
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(RES) (53). Each day, RES macrophages reclaim and recycle
~25mg of iron from RBCs, nearly all of which is returned to the
bone marrow for reincorporation into newly synthesized heme
in erythrocyte precursors (Fig. 1). By comparison, only about
1-2 mg of iron is absorbed each day by enterocytes, indicating
that the vast majority of iron used for RBC synthesis is from iron
recycled by the RES.

During erythrophagocytosis, macrophages engulf and inter-
nalize RBCs into the phagosome, which fuses with lysosomes to
become a phagolysosome (Fig. 2C). Hydrolytic enzymes within
the phagolysosome degrade the RBC and its hemoglobin to
release heme, which is translocated across the phagolysosomal
membrane into the cytosol via HRG1 (20). In RES macro-
phages, HRG1 specifically localizes to the erythrophagolyso-
some and is up-regulated by erythrophagocytosis (20). Cytoso-
licheme induces the expression of HMOX1, a cytoplasm-facing
endoplasmic reticulum-anchored enzyme that degrades heme
into iron, CO, and biliverdin (54). Given that each mature RBC
has ~1.2 X 10° heme moieties, and that free heme is highly
cytotoxic, very efficient mechanisms must exist for dealing with
such a large bolus of heme following erythrophagocytosis (55).
HMOX1 is one essential mechanism, as illustrated by the fact
that HmoxI-deficient macrophages do not survive eryth-
rophagocytosis in vitro (56). Accordingly, Hmox1-null mice
show a progressive and nearly complete loss of macrophages in
the liver and spleen by 12 months of age (56). Heme export via
FLVCRI1a, which has been demonstrated in bone marrow-de-
rived macrophages, may serve as another mechanism to protect
the cell from heme toxicity (49).

It has been proposed that some heme may be degraded
within the phagolysosome to release iron that is transported
into the cytosol via NRAMPI (natural resistance-associated
macrophage protein 1), a DMT1 homologue located on
phagolysosomal membranes (57, 58). Consistent with this
model is the observation that Nrampl ’~ mice show impair-
ments in erythrocyte recycling after hemolytic stress (59).
Whatever the function of NRAMP1 in macrophage iron recy-
cling, the effect appears to be small because Nrampl ’~ mice
have normal hematocrits and only slightly elevated concentra-
tions of splenic non-heme iron (59).

Macrophages can additionally take up hemoglobin and heme
from the circulation. Hemoglobin appears in blood plasma
mainly from intravascular hemolysis, a physiologic process that
accounts for at least 10% of red blood cell breakdown in normal
individuals (60). Hemoglobin in the plasma binds to the acute-
phase protein haptoglobin to form a hemoglobin-haptoglobin
complex that is recognized by the scavenger receptor CD163,
which is exclusively expressed on macrophages (61, 62). Hemo-
globin that is not bound to haptoglobin can also be taken up by
CD163 (63). Interestingly, hemoglobin clearance from the
plasma is largely unaffected in mice lacking CD163 (64), indi-
cating that alternative hemoglobin and hemoglobin-haptoglo-
bin clearance pathways exist (such as in hepatocytes as noted
below). Extensive hemolysis can deplete plasma haptoglobin,
giving rise to free hemoglobin. When this occurs, ferrous (Fe>")
hemoglobin becomes oxidized to ferric (Fe?") hemoglobin,
resulting in the release of heme, which binds to the plasma
glycoprotein hemopexin. Hemopexin sequesters heme in a
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non-reactive form and transports it to the liver, where it is taken
up by Kupffer cells via LRP (low-density lipoprotein receptor-
related protein, also known as CD91) (65). After endocytosis,
heme is released from hemopexin and transported into the
cytosol, where it is catabolized by HMOXI1. Interestingly, stud-
ies of hemopexin-null mice reveal that that Kupffer cells can
also acquire heme independently of hemopexin (66).

Hepatocyte iron metabolism

Hepatocytes take up iron in a variety of forms: transferrin-
bound iron (TBI), non-transferrin-bound iron (NTBI), hemo-
globin, and heme (Fig. 2D). TBI is taken up by receptor-medi-
ated endocytosis after it binds to transferrin-receptor 1 (TFR1)
located at the sinusoidal membrane (67). Acidification of endo-
somes causes transferrin to release its Fe>", which is subse-
quently reduced to Fe** and then transported into the cytosol
via DMT1. DMTT1 plays a role in this process that is demon-
strated by studies showing that mice with hepatocyte-specific
inactivation of DMT1 take up to 40% less iron from TBI when
compared with wild-type controls (68). Interestingly, mice
lacking DMT1 in hepatocytes have normal hepatic iron con-
centrations and display no impairments in loading, indicating
that hepatocyte DMT1 is dispensable for the overall iron econ-
omy of the liver. Indeed, although hepatocytes are capable of
taking up TBI, this pathway is likely to be minimal under nor-
mal circumstances because hepatocytes are a primary site of
iron storage, and iron-replete conditions down-regulate TFR1
expression. Perfusion studies have shown that only 3% of iron
bound to transferrin is taken up by normal rat liver (69).

It is well known that the liver rapidly takes up NTBI, which
appears in the plasma of patients with iron overload (70). NTBI
refers to a heterogeneous mixture of low-molecular-weight
forms of iron that become detectable in plasma when transfer-
rin saturations exceed 75% (71). NTBI is taken up by the liver
via ZRT/IRT-like protein-14 (ZIP14/SLC39A14), a transmem-
brane metal-ion transporter located on the sinusoidal mem-
brane of hepatocytes (72). ZIP14 was originally identified as a
zinc transporter, but subsequent studies showed that it could
also transport iron (73, 74) and that its protein levels in liver
increase in response to iron loading (72). Slc39a14-null mice
display markedly impaired uptake of intravenously adminis-
tered *?Fe-NTBI and fail to load iron in hepatocytes when the
mice are fed an iron-loaded diet or crossed with mouse models
of hereditary hemochromatosis (75). Therefore, ZIP14 is the
major, and perhaps only, NTBI uptake mechanism in hepato-
cytes. Although the exact chemical nature of NTBI is unknown,
most NTBI appears to be ferric species, with one study identi-
tying ferric citrate as the major form in plasma from patients
with hemochromatosis (76). Given that ZIP14 transports Fe*"
but not Fe ", a reduction step, likely involving a reductase (77),
is needed for ZIP14-mediated uptake of plasma NTBI. Part of
this reductase activity may be provided by prion protein (PrP¢),
as PrP~’~ mice have been shown to take up 30% less **Fe-NTBI
into the liver than do control mice (78). Moreover, functional
cooperation between PrP¢ and ZIP14 is suggested by the obser-
vation that co-expression of both proteins in hepatoma cells
resulted in greater cellular iron uptake than when either protein
was expressed alone (79).

J. Biol. Chem. (2017) 292(31) 1273512743 12739
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Like macrophages, hepatocytes can also acquire iron in the
form of hemoglobin and heme. Isolated rat hepatocytes take up
not only hemoglobin-haptoglobin but also free hemoglobin
(80), which may help to explain why haptoglobin knock-out
mice show no defects in the clearance of free hemoglobin from
the circulation (81). Heme bound to hemopexin is taken up via
LRP expressed by hepatocytes (65). Hemopexin seems to be
required for this process because hemopexin-null mice show
minimal heme loading in hepatocytes after heme overload (66).
The observation that hemopexin-null mice, as well as haptoglo-
bin-null mice, have normal hepatic non-heme iron levels sug-
gests that heme iron uptake pathways are not significant con-
tributors to hepatic iron stores under normal circumstances
(82, 83).

Iron is released from hepatocytes via ferroportin located on
the sinusoidal membrane. Mice with hepatocyte-specific dele-
tion of ferroportin exhibit impaired hepatic iron mobilization
and anemia in response to phlebotomy or an iron-deficient diet
(84). Iron mobilization from hepatocytes additionally requires
ceruloplasmin, a circulating ferroxidase homologous to the
intestinal ferroxidase hephaestin (85). As with hephaestin,
ceruloplasmin oxidizes Fe*" to Fe*>* for loading onto apotrans-
ferrin. Ceruloplasmin knock-out mice exhibit hepatocyte iron
loading (85), which may arise because ferroxidase activity is
required for iron efflux from the liver (86).

Although hepatocytes function in the scavenging and catab-
olism of excess heme, it is interesting to note that hepatocytes
export heme, as hepatocyte-specific deletion of Flvcrla in mice
causes heme to accumulate in hepatocytes, despite an induc-
tion of HMOX1 (87). The accumulation is associated with
heme biosynthesis, suggesting that FLVCR1a exports newly
synthesized heme that is not degraded or utilized by the cell.

Hepcidin, master regulator of systemic iron homeostasis
in health and disease

In addition to their role as an iron-storage cell, hepatocytes
help to regulate systemic iron homeostasis by producing hep-
cidin, a 25-amino acid peptide hormone (88, 89). Circulating
hepcidin controls the amount of iron released into the blood
plasma by inhibiting iron export from macrophages, entero-
cytes, and hepatocytes (Fig. 1) (90 -92). At the molecular level,
hepcidin inhibits iron export by binding to cell-surface ferro-
portin and initiating its internalization and degradation in lyso-
somes (93). Hepcidin expression is suppressed when the rate of
erythropoiesis increases (e.g. in anemia) and is increased by
plasma iron (iron transferrin), iron stores, and inflammation
(94). In iron-deficiency anemia, the body seeks to return to iron
balance by increasing the absorption of dietary iron. This is
achieved by down-regulating the expression of hepcidin, which
increases ferroportin expression in enterocytes thereby
increasing iron transfer into portal blood (Fig. 24). Alterations
in hepcidin expression also account for the iron overload in
hereditary hemochromatosis. Most hemochromatosis arises
from an inability to produce sufficient amounts of hepcidin
(95), resulting in increased iron absorption that, over time,
leads to iron overload because the body has no active mecha-
nisms to rid itself of excess iron. Furthermore, low hepcidin
levels in hemochromatosis increase ferroportin expression in

12740 J Biol Chem. (2017) 292(31) 1273512743

RES macrophages. Increased iron efflux from macrophages
raises plasma iron concentrations to levels that saturate the
binding capacity of transferrin, giving rise to NTBI, which is
taken up into hepatocytes via ZIP14 (Fig. 2D) (75). Indeed, these
systemic and cellular alterations readily explain the hallmark
clinical features of hereditary hemochromatosis: elevated
transferrin saturation and hepatic iron overload, with iron
accumulating in hepatocytes and not in macrophages (96).
Under normal circumstances, elevations in hepatic iron stores
are accompanied by an increase in hepcidin expression, which
down-regulates intestinal ferroportin expression and iron
absorption. The amount of iron stores is somehow sensed by
sinusoidal endothelial cells, which produce BMP6 (bone mor-
phogenetic protein 6) (97), a positive regulator of hepcidin
expression (Fig. 1) (98). Hepcidin expression is also positively
regulated by acute increases in transferrin saturation, such as
after a large-dose oral iron supplement. The increase results
from a direct interaction between iron transferrin and hepato-
cytes (Fig. 1) (99). Hepcidin expression is independently up-
regulated by inflammation, which helps to explain some of the
clinical features observed in the anemia of inflammation,
namely elevated plasma hepcidin levels decrease the expression
of ferroportin in macrophages, leading to macrophage iron
retention and hypoferremia. Although elevated plasma hepci-
din levels in inflammation would also decrease intestinal ferro-
portin expression and iron absorption, the contribution of iron
absorption to plasma iron is small (~1-2 mg/day) compared
with that of macrophages (~25 mg/day) (Fig. 1). The regulation
of hepcidin expression has been studied extensively and is well
covered in recent reviews (94, 100).

Conclusions and future directions

In the past 20 years, the study of iron biology has been trans-
formed and revitalized by the discovery of mammalian iron
transport proteins (e.g DMT]1, ferroportin, mitoferrin 1, and
Z1P14), heme transporters (e.g. HRG1 and FLVCR1), iron chap-
erones (i.e. PCBPs), ferrireductases and ferroxidases (e.g.
DCYTB, STEAP3, PrP¢, and hephaestin), and the iron-regula-
tory hormone hepcidin. Elucidation of the physiologic function
of these proteins has been achieved predominantly through the
generation of global and, in many cases, conditional knock-out
mouse models. What will the next 20 years bring? Research into
the less well-understood organs/cell types is certain and will
likely reveal novel iron transporters, related proteins, and their
regulators. Indeed, many fundamental questions remain. For
example, how is iron transported across the blood-brain bar-
rier? This is important because brain iron deficiency in early life
may lead to irreversible cognitive deficits, whereas too much
brain iron can lead to neurodegeneration. How is iron handled
by the kidney? Very little iron is lost in the urine, even in iron
overload, indicating that the kidney has efficient mechanisms
for reabsorbing iron filtered by the glomerulus. How does iron
cross the placenta? During pregnancy in humans, about 300 mg
of iron is transferred from mother to fetus across the placenta,
but how this occurs remains a mystery. Answers to these and
other important research questions in the years to come will
continue to shape and refine our ever-changing picture of iron
transport and its role in health and disease.

SASBMB



References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Gunshin, H., Mackenzie, B., Berger, U. V., Gunshin, Y., Romero, M. F,,
Boron, W. F., Nussberger, S., Gollan, J. L., and Hediger, M. A. (1997)
Cloning and characterization of a mammalian proton-coupled metal-ion
transporter. Nature 388, 482—488

. Centers for Disease Control and Prevention (CDC) (2002) Iron

deficiency—United States, 1999 —2000. MM WR 51, 897—899

. Nemeth, E., and Ganz, T. (2014) Anemia of inflammation. Hematol. On-

col. Clin. North Am. 28, 671-681

. Guralnik, J. M., Eisenstaedt, R. S., Ferrucci, L., Klein, H. G., and Wood-

man, R. C. (2004) Prevalence of anemia in persons 65 years and older in
the United States: evidence for a high rate of unexplained anemia. Blood
104, 2263-2268

. Feder, J. N, Gnirke, A., Thomas, W., Tsuchihashi, Z., Ruddy, D. A,

Basava, A., Dormishian, F., Domingo, R,, Jr., Ellis, M. C,, Fullan, A., Hin-
ton, L. M., Jones, N. L., Kimmel, B. E., Kronmal, G. S., Lauer, P., et al.
(1996) A novel MHC class I-like gene is mutated in patients with hered-
itary haemochromatosis. Nat. Genet. 13, 399 —408

. Merryweather-Clarke, A. T., Pointon, J. J., Shearman, J. D., and Robson,

K.J. (1997) Global prevalence of putative haemochromatosis mutations.
J. Med. Genet. 34, 275-278

. Whitlock, E. P., Garlitz, B. A., Harris, E. L., Beil, T. L., and Smith, P. R.

(2006) Screening for hereditary hemochromatosis: a systematic review
for the U.S. Preventive Services Task Force. Ann. Intern. Med. 145,
209-223

. Raper, N. R, Rosenthal, J. C., and Woteki, C. E. (1984) Estimates of

available iron in diets of individuals 1 year old and older in the Nation-
wide Food Consumption Survey. J. Am. Diet. Assoc. 84, 783—787

. Fleming, M. D., Trenor, C. C,, 3rd, Su, M. A, Foernzler, D., Beier, D. R,

Dietrich, W. F., and Andrews, N. C. (1997) Microcytic anaemia mice
have a mutation in Nramp2, a candidate iron transporter gene. Nat.
Genet. 16, 383-386

Gunshin, H., Fujiwara, Y., Custodio, A. O., Direnzo, C., Robine, S., and
Andrews, N. C. (2005) Slc11a2 is required for intestinal iron absorption
and erythropoiesis but dispensable in placenta and liver. J. Clin. Invest.
115, 1258 -1266

Shawki, A., Anthony, S. R., Nose, Y., Engevik, M. A., Niespodzany, E. J.,
Barrientos, T., Ohrvik, H., Worrell, R. T., Thiele, D. J., and Mackenzie, B.
(2015) Intestinal DMT1 is critical for iron absorption in the mouse but is
not required for the absorption of copper or manganese. Am. J. Physiol.
Gastrointest. Liver Physiol. 309, G635—G647

Shawki, A., Engevik, M. A,, Kim, R. S., Knight, P. B, Baik, R. A., Anthony,
S. R, Worrell, R. T., Shull, G. E., and Mackenzie, B. (2016) Intestinal
brush-border Na*/H™ exchanger-3 drives H"-coupled iron absorption
in the mouse. Am. J. Physiol. Gastrointest. Liver Physiol. 311, G423—-G430
Illing, A. C., Shawki, A., Cunningham, C. L., and Mackenzie, B. (2012)
Substrate profile and metal-ion selectivity of human divalent metal-ion
transporter-1. J. Biol. Chem. 287, 30485-30496

McKie, A. T., Barrow, D., Latunde-Dada, G. O., Rolfs, A., Sager, G., Mu-
daly, E., Mudaly, M., Richardson, C., Barlow, D., Bomford, A., Peters, T.J.,
Raja, K. B, Shirali, S., Hediger, M. A., Farzaneh, F., and Simpson, R. J.
(2001) An iron-regulated ferric reductase associated with the absorption
of dietary iron. Science 291, 1755-1759

Frazer, D. M., Wilkins, S. J., Vulpe, C. D., and Anderson, G.]. (2005) The
role of duodenal cytochrome b in intestinal iron absorption remains
unclear. Blood 106, 4413

Gunshin, H,, Starr, C. N, Direnzo, C., Fleming, M. D,, Jin, J., Greer, E. L.,
Sellers, V. M., Galica, S. M., and Andrews, N. C. (2005) Cybrd1 (duodenal
cytochrome b) is not necessary for dietary iron absorption in mice. Blood
106, 2879 -2883

Fillebeen, C., Gkouvatsos, K., Fragoso, G., Calvé, A., Garcia-Santos, D.,
Buffler, M., Becker, C., Schiimann, K., Ponka, P., Santos, M. M., and
Pantopoulos, K. (2015) Mice are poor heme absorbers and do not require
intestinal Hmox1 for dietary heme iron assimilation. Haematologica
100, €334 —e337

Grasbeck, R., Kouvonen, I, Lundberg, M., and Tenhunen, R. (1979) An
intestinal receptor for heme. Scand. . Haematol. 23, 5-9

SASBMB

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

MINIREVIEW: Iron transporters and iron homeostasis

Tenhunen, R., Grésbeck, R., Kouvonen, I, and Lundberg, M. (1980) An
intestinal receptor for heme: its parital characterization. Int. J. Biochem.
12,713-716

White, C., Yuan, X., Schmidt, P. J., Bresciani, E., Samuel, T. K., Cam-
pagna, D., Hall, C., Bishop, K., Calicchio, M. L., Lapierre, A., Ward, D. M.,
Liu, P., Fleming, M. D., and Hamza, I. (2013) HRGL is essential for heme
transport from the phagolysosome of macrophages during eryth-
rophagocytosis. Cell Metab. 17, 261-270

Rajagopal, A., Rao, A. U., Amigo, J., Tian, M., Upadhyay, S. K., Hall, C,,
Uhm, S., Mathew, M. K., Fleming, M. D., Paw, B. H., Krause, M., and
Hamza, 1. (2008) Haem homeostasis is regulated by the conserved and
concerted functions of HRG-1 proteins. Nature 453, 1127-1131
Weintraub, L. R., Weinstein, M. B., Huser, H. J., and Rafal, S. (1968)
Absorption of hemoglobin iron: the role of a heme-splitting substance in
the intestinal mucosa. J. Clin. Invest. 47, 531-539

Abboud, S., and Haile, D. J. (2000) A novel mammalian iron-regulated
protein involved in intracellular iron metabolism. J. Biol. Chem. 275,
19906 -19912

Donovan, A., Brownlie, A., Zhou, Y., Shepard, J., Pratt, S.]., Moynihan, J.,
Paw, B. H,, Drejer, A., Barut, B., Zapata, A, Law, T. C,, Brugnara, C., Lux,
S. E., Pinkus, G. S., Pinkus, J. L., et al. (2000) Positional cloning of ze-
brafish ferroportinl identifies a conserved vertebrate iron exporter. Na-
ture 403, 776 -781

McKie, A. T., Marciani, P., Rolfs, A., Brennan, K., Wehr, K., Barrow, D.,
Miret, S., Bomford, A., Peters, T.]., Farzaneh, F., Hediger, M. A., Hentze,
M. W., and Simpson, R. J. (2000) A novel duodenal iron-regulated trans-
porter, IREG1, implicated in the basolateral transfer of iron to the circu-
lation. Mol. Cell 5, 299 —309

Donovan, A., Lima, C. A,, Pinkus, J. L., Pinkus, G. S., Zon, L. I, Robine, S.,
and Andrews, N. C. (2005) The iron exporter ferroportin/Slc40al is es-
sential for iron homeostasis. Cell Metab. 1, 191-200

Mitchell, C.J., Shawki, A., Ganz, T., Nemeth, E., and Mackenzie, B. (2014)
Functional properties of human ferroportin, a cellular iron exporter re-
active also with cobalt and zinc. Am. J. Physiol. Cell Physiol. 306,
C450-C459

Vulpe, C. D., Kuo, Y. M., Murphy, T. L., Cowley, L., Askwith, C., Libina,
N., Gitschier, J., and Anderson, G. J. (1999) Hephaestin, a ceruloplasmin
homologue implicated in intestinal iron transport, is defective in the sla
mouse. Nat. Genet. 21, 195-199

Fuqua, B.K,, Ly, Y., Darshan, D., Frazer, D. M., Wilkins, S. J., Wolkow, N.,
Bell, A. G, Hsu, ], Yu, C. C,, Chen, H., Dunaief, J. L., Anderson, G.J., and
Vulpe, C. D. (2014) The multicopper ferroxidase hephaestin enhances
intestinal iron absorption in mice. PLoS ONE 9, €98792

Leidgens, S., Bullough, K. Z,, Shi, H., Li, F., Shakoury-Elizeh, M., Yabe, T,
Subramanian, P., Hsu, E., Natarajan, N., Nandal, A., Stemmler, T. L., and
Philpott, C. C. (2013) Each member of the poly-r(C)-binding protein 1
(PCBP) family exhibits iron chaperone activity toward ferritin. /. Biol.
Chem. 288, 17791-17802

Shi, H., Bencze, K. Z., Stemmler, T. L., and Philpott, C. C. (2008) A
cytosolic iron chaperone that delivers iron to ferritin. Science 320,
1207-1210

Yanatori, I, Richardson, D. R, Imada, K., and Kishi, F. (2016) Iron export
through the transporter ferroportin 1 is modulated by the iron chaper-
one PCBP2. J. Biol. Chem. 291, 17303-17318

Yanatori, I, Yasui, Y., Tabuchi, M., and Kishi, F. (2014) Chaperone pro-
tein involved in transmembrane transport of iron. Biochem. J. 462, 25-37
Darwich, A. S., Aslam, U., Ashcroft, D. M., and Rostami-Hodjegan, A.
(2014) Meta-analysis of the turnover of intestinal epithelia in preclinical
animal species and humans. Drug Metab. Dispos. 42, 2016 —2022

Cozzi, A., Corsi, B, Levi, S., Santambrogio, P., Albertini, A., and Arosio,
P. (2000) Overexpression of wild type and mutated human ferritin H-
chain in HeLa cells: in vivo role of ferritin ferroxidase activity. J. Biol.
Chem. 275, 25122-25129

Vanoaica, L., Darshan, D., Richman, L., Schiimann, K., and Kiihn, L. C.
(2010) Intestinal ferritin H is required for an accurate control of iron
absorption. Cell Metab. 12, 273-282

Galy, B., Ferring-Appel, D., Becker, C., Gretz, N., Grone, H.]., Schiimann,
K., and Hentze, M. W. (2013) Iron regulatory proteins control a mucosal

J. Biol. Chem. (2017) 292(31) 12735-12743 12741



MINIREVIEW: Iron transporters and iron homeostasis

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

block to intestinal iron absorption. Cell Rep. 3, 844 —857

Flowers, C. H., Skikne, B. S., Covell, A. M., and Cook, J. D. (1989) The
clinical measurement of serum transferrin receptor. /. Lab. Clin. Med.
114, 368-377

Ohgami, R. S., Campagna, D. R, Greer, E. L., Antiochos, B., McDonald,
A., Chen, J., Sharp, J. ], Fujiwara, Y., Barker, J. E., and Fleming, M. D.
(2005) Identification of a ferrireductase required for efficient transferrin-
dependent iron uptake in erythroid cells. Nat. Genet. 37, 1264 -1269
Tabuchi, M., Yoshimori, T., Yamaguchi, K., Yoshida, T., and Kishi, F.
(2000) Human NRAMP2/DMT1, which mediates iron transport across
endosomal membranes, is localized to late endosomes and lysosomes in
HEp-2 cells. J. Biol. Chem. 275, 2222022228

Dhungana, S., Taboy, C. H., Zak, O., Larvie, M., Crumbliss, A. L., and
Aisen, P. (2004) Redox properties of human transferrin bound to its
receptor. Biochemistry 43, 205—-209

Sheftel, A.D., Zhang, A. S., Brown, C., Shirihai, O. S., and Ponka, P. (2007)
Direct interorganellar transfer of iron from endosome to mitochondrion.
Blood 110, 125-132

Shaw, G. C,, Cope, J. ], Li, L., Corson, K., Hersey, C., Ackermann, G. E,,
Gwynn, B., Lambert, A.]., Wingert, R. A, Traver, D., Trede, N. S., Barut,
B.A., Zhou, Y., Minet, E., Donovan, A., et al. (2006) Mitoferrin is essential
for erythroid iron assimilation. Nature 440, 96—100

Paradkar, P. N., Zumbrennen, K. B, Paw, B. H., Ward, D. M., and Kaplan,
J. (2009) Regulation of mitochondrial iron import through differential
turnover of mitoferrin 1 and mitoferrin 2. Mol. Cell. Biol. 29, 1007-1016
Chen, W., Dailey, H. A., and Paw, B. H. (2010) Ferrochelatase forms an
oligomeric complex with mitoferrin-1 and Abcb10 for erythroid heme
biosynthesis. Blood 116, 628 — 630

Tang, L., Bergevoet, S. M., Bakker-Verweij, G., Harteveld, C. L., Gior-
dano, P. C,, Nijtmans, L., de Witte, T., Jansen, J. H., Raymakers, R. A., and
van der Reijden, B. A. (2012) Human mitochondrial ATP-binding cas-
sette transporter ABCB10 is required for efficient red blood cell devel-
opment. Br. J. Haematol. 157, 151-154

Chen, W., Paradkar, P. N, Li, L., Pierce, E. L., Langer, N. B., Takahashi-
Makise, N., Hyde, B. B., Shirihai, O. S., Ward, D. M., Kaplan, J., and Paw,
B. H. (2009) Abcb10 physically interacts with mitoferrin-1 (Slc25a37) to
enhance its stability and function in the erythroid mitochondria. Proc.
Natl. Acad. Sci. U.S.A. 106, 16263-16268

Quigley, J. G., Yang, Z., Worthington, M. T., Phillips, J. D., Sabo, K. M.,
Sabath, D. E., Berg, C. L., Sassa, S., Wood, B. L., and Abkowitz, J. L. (2004)
Identification of a human heme exporter that is essential for erythropoi-
esis. Cell 118, 757-766

Keel, S. B, Doty, R. T., Yang, Z., Quigley, J. G., Chen, J., Knoblaugh, S.,
Kingsley, P. D., De Domenico, ., Vaughn, M. B, Kaplan, ], Palis, J., and
Abkowitz, J. L. (2008) A heme export protein is required for red blood cell
differentiation and iron homeostasis. Science 319, 825— 828
Chiabrando, D., Marro, S., Mercurio, S., Giorgi, C., Petrillo, S., Vinchi, F.,
Fiorito, V., Fagoonee, S., Camporeale, A., Turco, E., Merlo, G. R,, Silengo,
L., Altruda, F., Pinton, P., and Tolosano, E. (2012) The mitochondrial
heme exporter FLVCR1b mediates erythroid differentiation. /. Clin. In-
vest. 122, 4569 — 4579

Zhang, D. L., Hughes, R. M., Ollivierre-Wilson, H., Ghosh, M. C., and
Rouault, T. A. (2009) A ferroportin transcript that lacks an iron-respon-
sive element enables duodenal and erythroid precursor cells to evade
translational repression. Cell Metab. 9, 461—473

Zhang, D. L., Senecal, T., Ghosh, M. C., Ollivierre-Wilson, H., Tu, T., and
Rouault, T. A. (2011) Hepcidin regulates ferroportin expression and in-
tracellular iron homeostasis of erythroblasts. Blood 118, 2868 —2877
Knutson, M., and Wessling-Resnick, M. (2003) Iron metabolism in the
reticuloendothelial system. Crit. Rev. Biochem. Mol. Biol. 38, 61— 88
Gottlieb, Y., Truman, M., Cohen, L. A., Leichtmann-Bardoogo, Y., and
Meyron-Holtz, E. G. (2012) Endoplasmic reticulum anchored heme-ox-
ygenase 1 faces the cytosol. Haematologica 97, 1489 —1493

Korolnek, T., and Hamza, I. (2015) Macrophages and iron trafficking at
the birth and death of red cells. Blood 125, 2893-2897

Kovtunovych, G., Eckhaus, M. A., Ghosh, M. C., Ollivierre-Wilson, H.,
and Rouault, T. A. (2010) Dysfunction of the heme recycling system in
heme oxygenase 1-deficient mice: effects on macrophage viability and

12742 J Biol Chem. (2017) 292(31) 1273512743

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

tissue iron distribution. Blood 116, 6054 — 6062

Searle, S., Bright, N. A., Roach, T. L, Atkinson, P. G., Barton, C. H.,,
Meloen, R. H., and Blackwell, J. M. (1998) Localisation of Nrampl in
macrophages: modulation with activation and infection. J. Cell Sci. 111,
2855-2866

Vidal, S., Belouchi, A. M., Cellier, M., Beatty, B., and Gros, P. (1995)
Cloning and characterization of a second human NRAMP gene on chro-
mosome 12q13. Mamm. Genome 6, 224 —230

Soe-Lin, S., Apte, S. S., Andriopoulos, B., Jr, Andrews, M. C., Schran-
zhofer, M., Kahawita, T., Garcia-Santos, D., and Ponka, P. (2009)
Nrampl promotes efficient macrophage recycling of iron following
erythrophagocytosis in vivo. Proc. Natl. Acad. Sci. U.S.A. 106, 5960 —5965
Garby, L., and Noyes, W. D. (1959) Studies on hemoglobin metabolism.
II. Pathways of hemoglobin iron metabolism in normal man. J. Clin.
Invest. 38, 1484 —1486

Kristiansen, M., Graversen, J. H., Jacobsen, C., Sonne, O., Hoffman, H.J.,
Law, S. K., and Moestrup, S. K. (2001) Identification of the haemoglobin
scavenger receptor. Nature 409, 198 -201

Schaer, C. A., Schoedon, G., Imhof, A., Kurrer, M. O., and Schaer, D. J.
(2006) Constitutive endocytosis of CD163 mediates hemoglobin-heme
uptake and determines the noninflammatory and protective transcrip-
tional response of macrophages to hemoglobin. Circ. Res. 99, 943—-950
Schaer, D. ], Schaer, C. A., Buehler, P. W., Boykins, R. A., Schoedon, G.,
Alayash, A. L, and Schaffner, A. (2006) CD163 is the macrophage scav-
enger receptor for native and chemically modified hemoglobins in the
absence of haptoglobin. Blood 107, 373-380

Etzerodt, A., Kjolby, M., Nielsen, M. J., Maniecki, M., Svendsen, P., and
Moestrup, S. K. (2013) Plasma clearance of hemoglobin and haptoglobin
in mice and effect of CD163 gene targeting disruption. Antioxid. Redox
Signal. 18, 2254 -2263

Hvidberg, V., Maniecki, M. B., Jacobsen, C., Hgjrup, P., Moller, H. J., and
Moestrup, S. K. (2005) Identification of the receptor scavenging he-
mopexin-heme complexes. Blood 106, 2572—2579

Vinchi, F., Gastaldi, S., Silengo, L., Altruda, F., and Tolosano, E. (2008)
Hemopexin prevents endothelial damage and liver congestion in a
mouse model of heme overload. Am. J. Pathol. 173, 289 -299

Morgan, E. H.,, Smith, G. D., and Peters, T. J. (1986) Uptake and subcel-
lular processing of **Fe-'**I-labelled transferrin by rat liver. Biochem. J.
237,163-173

Wang, C. Y., and Knutson, M. D. (2013) Hepatocyte divalent metal-ion
transporter-1 is dispensable for hepatic iron accumulation and non-
transferrin-bound iron uptake in mice. Hepatology 58, 788 =798
Zimelman, A. P., Zimmerman, H. J., McLean, R., and Weintraub, L. R.
(1977) Effect of iron saturation of transferrin on hepatic iron uptake: an
in vitro study. Gastroenterology 72, 129 -131

Brissot, P., Wright, T. L., Ma, W. L., and Weisiger, R. A. (1985) Efficient
clearance of non-transferrin-bound iron by rat liver. Implications for
hepatic iron loading in iron overload states. J. Clin. Invest. 76, 1463—1470
Le Lan, C,, Loréal, O., Cohen, T., Ropert, M., Glickstein, H., Lainé, F.,
Pouchard, M., Deugnier, Y., Le Treut, A., Breuer, W., Cabantchik, Z. I,
and Brissot, P. (2005) Redox active plasma iron in C282Y/C282Y hemo-
chromatosis. Blood 105, 4527—4531

Nam, H., Wang, C. Y., Zhang, L., Zhang, W., Hojyo, S., Fukada, T., and
Knutson, M. D. (2013) ZIP14 and DMT1 in the liver, pancreas, and heart
are differentially regulated by iron deficiency and overload: implications
for tissue iron uptake in iron-related disorders. Haematologica 98,
1049 -1057

Liuzzi, J. P., Aydemir, F., Nam, H., Knutson, M. D., and Cousins, R. J.
(2006) Zipl4 (Slc39al4) mediates non-transferrin-bound iron uptake
into cells. Proc. Natl. Acad. Sci. U.S.A. 103, 13612—-13617

Pinilla-Tenas, J. J., Sparkman, B. K., Shawki, A., Illing, A. C., Mitchell,
C.J., Zhao, N, Liuzzi, J. P., Cousins, R. ]., Knutson, M. D., and Mackenzie,
B. (2011) Zip14 is a complex broad-scope metal-ion transporter whose
functional properties support roles in the cellular uptake of zinc and
nontransferrin-bound iron. Am. J. Physiol. Cell Physiol. 301, C862—C871
Jenkitkasemwong, S., Wang, C. Y., Coffey, R., Zhang, W., Chan, A., Biel,
T., Kim, J. S., Hojyo, S., Fukada, T., and Knutson, M. D. (2015) SLC39A14
is required for the development of hepatocellular iron overload in murine

SASBMB



76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

models of hereditary hemochromatosis. Cell Metab. 22, 138 —150
Grootveld, M., Bell, J. D., Halliwell, B., Aruoma, O. 1., Bomford, A., and
Sadler, P.J. (1989) Non-transferrin-bound iron in plasma or serum from
patients with idiopathic hemochromatosis. Characterization by high per-
formance liquid chromatography and nuclear magnetic resonance spec-
troscopy. J. Biol. Chem. 264, 44174422

Randell, E. W, Parkes, J. G., Olivieri, N. F., and Templeton, D. M. (1994)
Uptake of non-transferrin-bound iron by both reductive and nonreduc-
tive processes is modulated by intracellular iron. /. Biol. Chem. 269,
16046 -16053

Singh, A, Kong, Q., Luo, X., Petersen, R. B., Meyerson, H., and Singh, N.
(2009) Prion protein (PrP) knock-out mice show altered iron metabo-
lism: a functional role for PrP in iron uptake and transport. PLoS ONE 4,
e6115

Tripathi, A. K., Haldar, S., Qian, J., Beserra, A., Suda, S., Singh, A., Hopfer,
U., Chen, S. G., Garrick, M. D., Turner, J. R., Knutson, M. D., and Singh,
N. (2015) Prion protein functions as a ferrireductase partner for ZIP14
and DMT1. Free Radic. Biol. Med. 84, 322-330

Kino, K., Tsunoo, H., Higa, Y., Takami, M., Hamaguchi, H., and Naka-
jima, H. (1980) Hemoglobin-haptoglobin receptor in rat liver plasma
membrane. /. Biol. Chem. 255, 9616 -9620

Lim, S. K., Kim, H., Lim, S. K, bin Ali, A,, Lim, Y. K., Wang, Y., Chong,
S. M., Costantini, F., and Baumman, H. (1998) Increased susceptibility in
Hp knockout mice during acute hemolysis. Blood 92, 18701877
Morello, N., Tonoli, E., Logrand, F., Fiorito, V., Fagoonee, S., Turco, E.,
Silengo, L., Vercelli, A., Altruda, F., and Tolosano, E. (2009) Haemopexin
affects iron distribution and ferritin expression in mouse brain. J. Cell.
Mol. Med. 13,4192—4204

Tolosano, E., Fagoonee, S., Garuti, C., Valli, L., Andrews, N. C., Altruda,
F., and Pietrangelo, A. (2005) Haptoglobin modifies the hemochromato-
sis phenotype in mice. Blood 105, 3353-3355

Zhang, Z., Zhang, F., Guo, X., An, P, Tao, Y., and Wang, F. (2012) Fer-
roportinl in hepatocytes and macrophages is required for the efficient
mobilization of body iron stores in mice. Hepatology 56, 961-971
Harris, Z. L., Durley, A. P., Man, T. K,, and Gitlin, J. D. (1999) Targeted
gene disruption reveals an essential role for ceruloplasmin in cellular iron
efflux. Proc. Natl. Acad. Sci. U.S.A. 96, 10812—10817

Osaki, S., Johnson, D. A., and Frieden, E. (1971) The mobilization of iron
from the perfused mammalian liver by a serum copper enzyme, ferroxi-
dase I. J. Biol. Chem. 246, 3018 —-3023

Vinchi, F., Ingoglia, G., Chiabrando, D., Mercurio, S., Turco, E., Silengo,
L., Altruda, F., and Tolosano, E. (2014) Heme exporter FLVCR1a regu-
lates heme synthesis and degradation and controls activity of cyto-

SASBMB

88.

89.

90.

91.

92.

93.

94.
95.

96.

97.

98.

99.

100.

MINIREVIEW: Iron transporters and iron homeostasis

chromes P450. Gastroenterology 146, 1325—1338

Krause, A., Neitz, S., Magert, H. ], Schulz, A., Forssmann, W. G., Schulz-
Knappe, P., and Adermann, K. (2000) LEAP-1, a novel highly disulfide-
bonded human peptide, exhibits antimicrobial activity. FEBS Lett. 480,
147-150

Park, C. H., Valore, E. V., Waring, A.J., and Ganz, T. (2001) Hepcidin, a
urinary antimicrobial peptide synthesized in the liver. /. Biol. Chem. 276,
78067810

Knutson, M. D., Oukka, M., Koss, L. M., Aydemir, F., and Wessling-
Resnick, M. (2005) Iron release from macrophages after erythrophago-
cytosis is up-regulated by ferroportin 1 overexpression and down-regu-
lated by hepcidin. Proc. Natl. Acad. Sci. U.S.A. 102, 13241328

Laftah, A. H.,, Ramesh, B., Simpson, R. J., Solanky, N., Bahram, S., Schii-
mann, K., Debnam, E. S., and Srai, S. K. (2004) Effect of hepcidin on
intestinal iron absorption in mice. Blood 103, 3940 —3944

Ramey, G., Deschemin, J. C., Durel, B., Canonne-Hergaux, F., Nicolas, G.,
and Vaulont, S. (2010) Hepcidin targets ferroportin for degradation in
hepatocytes. Haematologica 95, 501-504

Nemeth, E., Tuttle, M. S., Powelson, J., Vaughn, M. B., Donovan, A.,
Ward, D. M., Ganz, T., and Kaplan, J. (2004) Hepcidin regulates cellular
iron efflux by binding to ferroportin and inducing its internalization.
Science 306, 2090 -2093

Ganz, T. (2013) Systemic iron homeostasis. Physiol. Rev. 93, 1721-1741
Papanikolaou, G., Tzilianos, M., Christakis, J. I., Bogdanos, D., Tsimirika,
K., MacFarlane, J., Goldberg, Y. P., Sakellaropoulos, N., Ganz, T., and
Nemeth, E. (2005) Hepcidin in iron overload disorders. Blood 105,
4103—-4105

Pietrangelo, A. (2010) Hereditary hemochromatosis: pathogenesis, diag-
nosis, and treatment. Gastroenterology 139, 393—408

Canali, S., Zumbrennen-Bullough, K. B., Core, A. B., Wang, C. Y., Nairz,
M., Bouley, R., Swirski, F. K., and Babitt, J. L. (2017) Endothelial cells
produce bone morphogenetic protein 6 required for iron homeostasis in
mice. Blood 129, 405—414

Andriopoulos, B., Jr., Corradini, E., Xia, Y., Faasse, S. A., Chen, S,
Grgurevic, L., Knutson, M. D., Pietrangelo, A., Vukicevic, S., Lin, H. Y.,
and Babitt, J. L. (2009) BMP6 is a key endogenous regulator of hepcidin
expression and iron metabolism. Nat. Genet. 41, 482—487

Lin, L., Valore, E. V., Nemeth, E., Goodnough, J. B., Gabayan, V., and
Ganz, T. (2007) Iron transferrin regulates hepcidin synthesis in primary
hepatocyte culture through hemojuvelin and BMP2/4. Blood 110,
2182-2189

Sangkhae, V., and Nemeth, E. (2017) Regulation of the iron homeostatic
hormone hepcidin. Adv. Nutr. 8,126-136

J. Biol. Chem. (2017) 292(31) 1273512743 12743



